Stenting attenuates restenosis, but accelerated coronary artery disease (CAD) adjacent to the stent (peri-stent CAD) remains a concern in metabolic syndrome (MetS). Smooth muscle cell proliferation, a major mechanism of CAD, is mediated partly by myoplasmic Ca 2þ dysregulation and store-operated Ca 2þ entry (SOCE) via canonical transient receptor potential 1 (TRPC1) channels is proposed to play a key role. Exercise is known to prevent Ca 2þ dysregulation in CAD. We tested the hypothesis that MetS increases SOCE and peri-stent CAD and exercise attenuates these events.
Introduction
Metabolic syndrome (MetS) is defined as the combination of several risk factors including central obesity, dyslipidaemia (increased LDL/HDL and triglycerides), hypertension, impaired glucose tolerance, and insulin resistance. 1 Generally, the presence of three of these characteristics renders a diagnosis of MetS. 1 This combination of risk factors, also termed 'pre-diabetes', ultimately leads to type 2 diabetes and increased prevalence and severity of coronary artery disease (CAD). 2 Untreated CAD will progress to the point where neointimal formation occludes coronary blood flow and impairs cardiac function. The primary interventional treatment for occlusive CAD is deployment of a coronary stent. Drug-eluting stents have substantially decreased such restenosis; however, artery segments adjacent to the stent's edge (peri-stent) are sites of significant stenosis.
Accelerated peri-stent CAD progression increases the need for repeat stent procedures 3 -5 and shows a greater prevalence in patients with diabetes. 6 Since peri-stent CAD may be a milder representation of in-stent restenosis due to stent-induced injury, there is need for study of the cellular and molecular mechanisms underlying peri-stent CAD. Clearly, coronary smooth muscle (CSM) proliferation is largely responsible for neointima formation after coronary stenting. 7 Intracellular Ca 2þ plays several roles in smooth muscle cells, such as regulation of contraction and gene expression, 8 and altered intracellular Ca 2þ signalling is associated with smooth muscle cell proliferation. 9 The primary Ca 2þ store within the CSM cell is the sarcoplasmic reticulum (SR 12 ). Importantly, the TRPC1 channel that contributes to SOCE in smooth muscle is linked to hypertrophy and proliferation. 8, 10, 13 Balloon injury-induced CSM cell proliferation in healthy juvenile swine is associated with up-regulation of TRPC1 channels. 13 In addition to pharmacological antagonism of aberrant Ca 2þ signalling, 14 we have shown that exercise therapy prevents CSM Ca 2þ dysregulation in CAD. 15, 16 Although TRPC1 channels are strongly associated with smooth muscle proliferation and have been implicated in CAD, no studies have examined changes in TRPC1 channels in native (non-stent) and peri-stent CAD in MetS or whether exercise training can attenuate these processes. Our group has developed Ossabaw miniature swine as an excellent large animal model of MetS. 17 -20 We tested the hypothesis that MetS increases SOCE and CAD in non-stent and peri-stent segments of coronary artery and exercise attenuates these events. Our data provide the first cellular and molecular evidence that exercise protects against increases in SOCE, TRPC1, and STIM1 protein, and native and peri-stent CAD in MetS. These findings in the Ossabaw miniature swine model, which superbly mimics CAD in MetS, are critical links for translation to clinical medicine. 
Methods

Animal care and use
J.M. Edwards et al.
groups for 54 weeks before stenting ( Figure 1A) . Lean control swine (Lean, n ¼ 9) were fed lean chow. Sedentary MetS (n ¼ 9) and exercise trained (XMetS, n ¼ 9) groups were fed a high fat/2% cholesterol atherogenic diet. See Supplementary material online for detailed methods.
Exercise training
After 50 weeks of MetS development, pigs randomized to the endurance exercise group began treadmill training 4 weeks prior to stenting and continued exercise for 3-4 weeks after stenting. The training protocol was similar to our previous studies (e.g. Witczak et al.
15
) and guidelines. 23 See Supplemental material online for detailed methods.
Submaximal stress test
At weeks 0 and 7 of exercise training, animals underwent a submaximal stress test consisting of running on a treadmill at 5.6 km/h, 0% grade for 30 min at which point heart rate data were collected ( Figure 1A ).
Intravenous glucose tolerance test
Intravenous glucose tolerance test (IVGTT) was preformed as previously described by our laboratory. 17 -19 Briefly, conscious swine acclimatized to low-stress restraint in a sling were fasted overnight and baseline blood samples were obtained. Glucose (1 g/kg body weight, iv) was administered and timed blood samples were collected.
Plasma lipid assays
Fasting blood samples were analysed for triglyceride and total cholesterol (fractionated into HDL and LDL components). 17 Cholesterol in lipoprotein fractions was determined after precipitation of HDL using minor modifications of standard methods. 24 See Supplementary material online for detailed methods.
Stent procedure
Procedures were similar to previous reports. 18, 25, 26 Briefly, intravascular ultrasound (IVUS) pullback was performed in the left circumflex coronary artery (CFX) where one stent was deployed in each animal. Angiography was performed to ensure proper longitudinal stent placement and IVUS was repeated to confirm deployment of the stent to the proper arterial lumen diameter (1.0Â normal artery reference). 18, 25, 26 See Supplementary material online for detailed methods.
Intra-stent histology
Stented coronary segments were placed in zinc-buffered formalin at sacrifice for standard histological analysis. 27 See Supplementary material online for detailed methods.
Cell dispersion
The procedure for the isolation of the coronary artery and the enzymatic dispersal of CSM cells for acute use has been described previously. 
Patch-clamp electrophysiology
All electrophysiological experiments were performed using an Axopatch 200B integrating patch-clamp amplifier and a DigiData 1440A
analog-digital converter and analysed using Axon PCLAMP 10 software package. Cells were voltage-clamped at a holding potential of 260 mV and 300 ms voltage ramps from 2100 to þ100 mV were applied at 5 s intervals similar to previous protocols. 28 See Supplementary material online for detailed methods.
Reverse transcription -polymerase chain reaction
The total RNA from pig coronary arteries was isolated using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). The full-length transcripts of TRPC1 were amplified using the one-step SuperScript RT -PCR platinum Taq HiFi system (Invitrogen). The full transcripts were confirmed to be the pig TRPC1 by sequencing and are included in the Supplementary material online.
Real-time reverse transcriptionpolymerase chain reaction (or quantitative reverse transcription -polymerase chain reaction) analysis
BioRad iScript cDNA Synthesis kit was used to reverse transcribe cDNA from coronary. The Applied Biosystems 7500 Real Time PCR System was used. The endogenous control (18S rRNA) was amplified using TaqMan Universal PCR Master Mix (Applied Biosystems, Foster City, CA, USA), whereas TRPC/Orai/Stim was amplified using SYBR Green Master mix (Applied Biosystems). See Supplementary material online for detailed methods.
Immunoblots
Bound horseradish peroxidase (HRP)-conjugates [anti-rabbit or mouse HRP-conjugated antibody (Pierce, Rockford, IL, USA, 1:20 000)] were detected using a SuperSignal West Femto Kit (Pierce). The monoclonal anti-TRPC1 antibody was a gift from Dr Tsiokas (University of Oklahoma Health Sciences Center). STIM1 and ORAI1 antibodies were from Alomone labs (Rehovet, Israel). See Supplementary material online for detailed methods.
Assessment of CAD (atherosclerosis)
IVUS pullbacks performed during the stenting procedure and before stent placement were used to assess native atheroma. 16, 26 Per cent circumferential wall coverage was calculated similar to previous reports. 17, 26 See Supplementary material online for detailed methods.
Statistical analysis
Analysis of variance (ANOVA) with the Student -Newman-Kuels post hoc analysis was performed using commercially available software (SPSS 10.0 and SigmaStat 4.0) and P , 0.05 was the criterion for statistical significance. In an attempt to avoid a type II interpretive error (false-negative), significance was reported at P , 0.10 where appropriate. 29 
Results
To determine whether excess kilocalorie atherogenic diet induces MetS in Ossabaw swine, we evaluated the major parameters associated with MetS ( Table 1) . Several characteristics were elevated in MetS and XMetS above Lean, including body weight, LDL, systolic and diastolic blood pressure, and fasting blood glucose. LDL/HDL ratio was the only metabolic parameter attenuated by exercise training in XMetS vs. MetS. Efficacy of exercise training was evidenced as decreased resting heart rate, increased work load (treadmill grade) at a constant heart rate (65-75% maximum), and decreased heart rate at a constant work load during the treadmill stress test ( Figure 1A) . Glucose intolerance and insulin resistance are major components of MetS and the development of type 2 diabetes. MetS had significantly greater blood glucose concentrations than Lean at 10, 20, 30, 40, and 50 min after bolus glucose injection ( Figure 1B) . In addition, XMetS had significantly elevated blood glucose above Lean at 10, 30, 40, and 50 min time points ( Figure 1B) . MetS also elicited significant elevation in plasma insulin response above Lean at all times after glucose injection ( Figure 1C) . Likewise, XMetS plasma insulin was significantly elevated above Lean with the exception of the 60 min time point ( Figure 1C) . Taken together, both glucose and insulin IVGTT results indicate glucose intolerance and primary insulin resistance in MetS and XMetS, with minimal effect of this short-term (7 weeks) exercise training programme on these metabolic parameters.
To determine the effects of MetS on CAD, atherosclerosis was imaged by IVUS and quantified as per cent circumferential wall coverage. Figure 2A is a schematic of the coronary vasculature showing the location of peri-stent and non-stent segments studied. Figure 2B illustrates an in vivo coronary angiogram at right anterior oblique 308 angle. Representative IVUS image from the CFX artery demonstrates atherosclerotic neointima formation ( Figure 2C ). IVUS images before ( Figure 2D ) and after stent ( Figure 2E ) deployment verified proper stent diameter. Representative longitudinal IVUS analysis of CFX before and 4 weeks after stent deployment illustrates relatively mild and diffuse atherosclerosis through the more distal regions of the artery ( Figure 2F ). Increased per cent wall coverage was found in proximal and distal non-stented segments of coronary arteries in MetS compared with Lean, which was attenuated with exercise (XMetS) ( Figure 2G and H ). Similar to non-stent segments, exercise (XMetS) completely prevented the increase in per cent wall coverage observed in MetS compared with Lean in peri-stent segments of coronary artery ( Figure 2I ), but did not affect in-stent neointimal hyperplasia ( Figure 2J) .
Verhoff-Van Giessen, Masson's trichrome, and haematoxylin and eosin (H&E) stains were performed to assess in-stent plaque morphology. Figure 3A and B show representative in-stent plaque from trichrome and H&E, respectively. Neointimal hyperplasia was not different across groups ( Figure 3C) . Exercise reduced the amount of collagen ( Figure 3D ), but there was no difference in cell density between groups in the in-stent regions ( Figure 3E ).
Since alterations in SOCE signalling mechanisms have been associated with atherosclerosis, 8, 10, 13 we studied SOCE in smooth muscle cells freshly isolated from non-stent and peri-stent artery segments of Lean, MetS, and XMetS groups. To assess SOCE, we first employed a typical store-depletion protocol similar to that reviewed by Landsberg and Yuan. 10 Figure 4A shows a representative record of intracellular Ca 2þ changes in a Figure 4F) . Mn 2þ quench observed in Figure 4D and F confirmed that store-depletion results in divalent cation influx in CSM cells without inhibition of SERCA. Whole-cell patchclamp electrophysiology was performed using a protocol similar to Figure 4E . Caffeine-induced inward current was sustained for .5 min (Figure 4G ), indicating that it was not due to transient Ca 2þ -sensitive Cl 2 channels activated by Ca 2þ -release stimulated by caffeine. A current -voltage relationship plot of the sustained inward current was ohmic with a reversal potential of 0 mV ( Figure 4H ).
Although our patch-clamp data suggested that SOCE was due to TRPC1, we determined whether changes in the molecular expression of TRPC1 or other SOCE-related proteins (e.g. STIM1 and Orai1) could account for the increased SOCE. In reverse transcription -polymerase chain reaction (RT -PCR) experiments, the presence of TRPC1, STIM1, and Orai1 was shown in all groups ( Figure 5A -D) . Group data demonstrated significantly greater TRPC1 mRNA expression in the MetS group compared with Lean, which was attenuated by exercise training ( Figure 5B ). STIM1 and Orai1 mRNA expression were also increased in the MetS group, but remained increased even with exercise ( Figure 5C and D) . Immunoblots from coronary lysates showed that TRPC1 protein in MetS was attenuated in XMetS and STIM1 protein in MetS was abolished in XMetS compared with Lean ( Figure 5F and G) , whereas Orai1 protein expression shows no overall statistical difference by ANOVA between the three groups (P ¼ 0.10, Figure 5H ). Agarose gel images demonstrate the expression of only TRPC1 and TRPC6 genes in MetS coronary arteries ( Figure 5I and J ). TRPC6 mRNA was increased in MetS compared with Lean ( Figure 5K ).
Discussion
The novel findings of this study are: (i) exercise decreases (a) non-stent and peri-stent CAD, (b) store-operated Ca channel function and TRPC1/STIM1 molecular expression, and (c) in-stent collagen content in MetS and (ii) SOCE current-voltage relationship in CSM is ohmic and non-selective, which is consistent with TRPC1. Excess kilocalorie atherogenic diet elicited robust MetS, which accompanied greater atherosclerosis in peri-stent segments of coronary arteries than in non-stented arteries. Functional store-depletion-mediated Ca 2þ influx and TRPC1/STIM1 molecular expression were associated with the extent of atherosclerosis among groups, whereas Orai1 protein expression did not change. The effect of exercise to attenuate progression of peri-stent CAD, but not in-stent stenosis, in Ossabaw miniature swine with MetS is consistent with the clinical study in humans by Belardinelli et al. 5 and non-diabetic swine. 30 Our Ca 2þ signalling and molecular expression data provide evidence of cellular and molecular events underlying this vitally important clinical phenomenon and extend those findings 5, 30 to MetS.
Patient complication following stent deployment is well documented 31 with diabetes increasing patient risk. 32 Consistent with human data, MetS Ossabaw swine displayed increased atherosclerosis in non-stent artery segments compared with Lean. Peri-stent CAD has been observed by several groups and is more prevalent in patients with diabetes; 6 which may be due to the overall greater diffuse CAD in MetS and diabetes. 33 Despite this remarkable clinical observation, no studies have examined mechanisms which underlie peri-stent atherosclerosis in MetS. Similar to previous findings, peri-stent atherosclerosis, although augmented in all groups, mirrored non-stent atherosclerosis in that it was greater in MetS than Lean. Exercise has an independent role in primary prevention of CAD, 34, 35 reduction of coronary stenosis, and rates of hospital readmission after coronary angioplasty. 5 Nonetheless, mechanisms which underlie these changes are unclear. In the present study, 7 weeks of exercise training attenuated the increased non-stent atherosclerosis and abolished increased peri-stent atherosclerosis observed in MetS. Although 20 weeks of exercise training of nondiabetic swine attenuated neointimal hyperplasia, i.e. progression to stenosis, after angioplasty balloon-induced injury, 30 in the present study, MetS and the shorter training duration (7 weeks) are key differences that may have minimized the protective effects of exercise. Our group captured feral swine from Ossabaw Island, GA, USA, which naturally developed a thrifty genotype in response to the evolutionary selection pressure of seasonal shortages of food. 18 When fed excess calorie atherogenic diet, Ossabaw swine develop MetS similar to humans. 17 -20 Also, MetS Ossabaw swine, like humans (but different from many other laboratory animal models), develop CAD. Consistent with these findings, male Ossabaw swine in this study show increased body weight, plasma LDL, LDL/HDL ratio, and triglyceride, systolic and diastolic pressure, and heart rate. A major extension of this work is our finding that short-term exercise training reverses the elevated LDL/HDL ratio observed in MetS. Obese, MetS Ossabaw swine showed classical cardiovascular adaptations to exercise training, including increased physical work capacity, resting bradycardia, and decreased heart rate response to a submaximal exercise stress test, indicating efficacy of the exercise programme. The lack of exercise attenuation of other MetS characteristics is somewhat surprising, since exercise is a first-line treatment for pre-diabetes/MetS. 36 Factors may have mitigated the typical effects of exercise on MetS characteristics in Ossabaw swine. First, our study design was to maintain the atherogenic diet and obesity of the pigs, unlike the typical exercise training regimen and that in human clinical studies, in which diet improvements are also implemented. 36 Secondly, Ossabaw miniature swine have a loss-of-function mutation in the AMP kinase x3 subunit in skeletal muscle, which is a pivotal enzyme in fatty acid oxidation and glucose uptake. 37 Exercise is not as effective in activating AMP kinase in pigs having the mutation; thus, the full benefit of exercise on skeletal muscle metabolism might not be seen in Ossabaw miniature swine. 37 Because of the widely reported occurrence of SOCE and distribution of TRPC channels in numerous cell types, including vascular cells, 38 it might be considered dogma that SOCE and TRPC channels should be abundant in CSM and regulate Ca 2þ signalling and contraction under normal conditions. We emphasize that we have never found activation of SOCE in Yucatan swine 'healthy' CSM, 15, 39 despite robust SOCE in coronary endothelial cells. 40 However, previous studies report increased expression of TRPC1 in diseased vascular smooth muscle cells. 10, 13 The results of our study are in agreement with the concept that TRPC1 channels are strongly associated with CAD, as shown by increased TRPC1 mRNA and protein expression, as well as the ohmic and non-selective current -voltage relationship of SOCE in CSM consistent with current expected of TRPC1 channel. 41 5 ). We can largely rule out other TRPC isoforms, because they are not expressed in coronary artery 45 ( Figure 5I ). The present study further extends our knowledge concerning the role of TRPC1 by the novel finding that metabolic syndrome increases SOCE and TRPC1 expression in conjunction with CAD, all of which are attenuated by exercise training. Our findings indicate that TRPC1 is closely associated with neointimal hyperplasia, not only in non-stent, but also in peri-stent, segments of coronary artery. This is important because neointimal hyperplasia in non-stented segments is considered a natural progression of disease, whereas peri-stent atherosclerosis may be considered an arterial response to injury. 46, 47 Together, these data suggest that TRPC1 channels play a fundamental role promoting atherosclerosis in both non-stent and peri-stent segments of coronary artery. Thus, inhibition of TRPC1 channels may serve as a possible therapeutic target for the treatment of CAD. The concept of exercise and TRPC1 as potential therapeutic modes and targets is especially important because of the recent finding that treatment of conventional risk factors such as hyperglycaemia had negligible effects on prevention of cardiovascular disease in type 2 diabetic humans and had detrimental side effects. 48 In conclusion, our data support the hypothesis that Ossabaw swine with robust MetS have increased SOCE and CAD in non-stent and peri-stent segments of coronary artery and exercise attenuates these events. Further, increased TRPC1/STIM1 protein expression was attenuated by exercise. The implications are that in human patients with metabolic syndrome who undergo coronary stenting and have attenuated peri-stent CAD with exercise training, underlying cellular events may involve TRPC1 channels and STIM1. Future studies will focus on establishing a causative role of TRPC1 channels in the progression of CAD in ex vivo and in vivo models.
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